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Abstract
The Arctic surface air temperature has warmed nearly twice as much as the global mean
since the mid-20th century. Arctic sea ice has also been declining rapidly in recent decades.
There is still discussion about how much of this Arctic amplification is caused by local
factors, such as changes in surface albedo, versus remote factors, such as changes in heat
transport from the midlatitudes. This thesis focuses mainly on the role of poleward heat
transport on Arctic amplification. Most of the previous studies on this topic have defined
ocean heat transport as the zonally averaged ocean heat transport at 65∘N or 70∘N, which
ignores the physical pathways of heat into the Arctic and may include recirculation of heat in
the North Atlantic. In this thesis, we define the ocean heat transport as the heat transport
across five sections surrounding the Arctic, to create a closed domain in the Arctic.
Previous studies on Arctic amplification have used either a single model run or have
compared results from a multi-model ensemble. While the multi-model ensemble approach
may potentially average out biases in individual models, the ensemble spread confounds the
model differences and the internal climate variability. In this thesis, we investigate the Arctic
amplification in the Community Earth System Model version 1 (CESM1) Large Ensemble.
The CESM1 Large Ensemble includes 40 members that use the same model and external
forcing, but different initializations. This simulates different climate trajectories that can
occur in a given atmosphere-ocean-land-cryosphere system.
We find that CESM1 Large Ensemble projects a large increase towards the end of the
21st century in ocean heat transport into the Arctic, and that the increase in ocean heat
transport is significantly correlated with Arctic amplification. The main contributor to the
increase in ocean heat transport is the increase across the Barents Sea Opening. The increase
in Barents Sea Opening ocean heat transport is highly correlated with the decrease in sea ice
in the Barents-Kara Sea region. We propose that this is because the increase in ocean heat
transport melts the ice at the sea ice margin, which results in increased surface heat flux
from the ocean and further local feedback through decreased surface albedo and increased
cloud coverage. We also find that while the changes in atmosphere heat transport into the
Arctic circle at 66.5∘N are on the same order as the changes in ocean heat transport, they
are not correlated with Arctic amplification.
Thesis Supervisor: Young-Oh Kwon
Title: Senior Scientist
Woods Hole Oceanographic Institution
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Chapter 1
Introduction
The Arctic surface air temperature has warmed nearly twice as much as the global mean
since the mid-20th century, a characteristic known as Arctic amplification. Arctic warming
is strongest during the fall and weakest during the summer. Warming is strongest at the
surface but it extends throughout the troposphere [Cohen, 2018]. There have also been
concurrent reductions in sea ice cover. A record low sea ice extent was observed in 2007
and again in 2012 [Comiso et al., 2008, Cohen, 2018]. The monthly mean summer sea ice
extent has decreased 86, 000 km2 per year, or 13.3% per decade, between 1979 and 2014
[Serreze and Stroeve, 2015]. The mechanisms of Arctic amplification can be categorized into
two groups: local processes and remote forcing. Local processes includes greenhouse gas
increase, cloud cover change, albedo changes, lapse rate feedback, and changes in surface
heat fluxes from the Arctic Ocean. Remote forcing includes changes in poleward heat and
moisture transport from lower latitudes.
Past studies have investigated the relationship between Arctic amplification and sea ice
changes. The surface albedo in the Arctic ranges from ∼ 0.8 for ice that is at least 1 me-
ter thick, to ∼ 0.1 for open ocean [Hall, 2004, Perovich et al., 2007]. This reduction in
sea ice increases the absorbance of solar radiation. Removing ice cover also increases the
surface turbulent flux between the ocean and the atmosphere, which then induces increased
downward longwave radiation due to cloud feedback. Surface warming is closely linked to di-
minishing sea ice cover between 1989–2006 [Screen and Simmonds, 2010]. Similarly, Screen
et al. [2012] showed that local sea ice concentration (SIC) changes and local sea surface
temperature (SST) changes explain most of the Arctic air temperature warming based on
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simulations using atmospheric general circulation models. In the Coupled Model Intercom-
parison Project Phase 3 (CMIP3) simulations, Arctic amplification is strongly correlated
with surface albedo changes [Hwang et al., 2011]. However, Arctic amplification can also
occur in models without changes in sea ice [Alexeev et al., 2005].
For accurate long-term sea ice predictions, models need accurate representations of the
heat transport into the Arctic from the midlatitudes. If climate models are initialized with
accurate ocean data, and therefore have accurate heat transport anomalies, they produce
skillful predictions of sea ice extent on decadal time scales [Yeager et al., 2015]. Similarly,
accurate representations of Atlantic ocean heat transport, Pacific ocean heat transport, and
the Arctic dipole may be necessary for accurate decadal projections in Arctic sea ice changes
[Zhang, 2015]. These results suggest that remote factors influence Arctic amplification.
Under global warming, the amount of heat transported to the Arctic by the atmosphere
may change. The atmosphere heat transport (AHT) can be decomposed in a few different
ways: (1) transient and stationary wave components, (2) large-scale planetary waves and
synoptic-scale waves dominated by meso-scale cyclones, or (3) dry static energy and latent
energy transports. For example, Graversen and Burtu [2016] showed that the Arctic is much
more affected by AHT due to planetary waves than synoptic-scale waves. Other studies
showed that the latent energy transport has a greater impact on the Arctic temperature
variability than the dry static energy component [Graversen et al., 2011, Kapsch et al., 2013].
Under global warming scenarios, the warmer atmosphere can hold more moisture, which
leads to an increase in latent energy transport. However, this decreases the equator-to-pole
temperature gradient, which decreases the dry static energy transport. This compensation
is seen in both energy balance models [Hwang and Frierson, 2010] and general circulation
models [Hwang and Frierson, 2010, Hwang et al., 2011]. As such, CMIP3 models with high
Arctic amplification tend to have the smallest increases, or even decreases, in AHT into the
Arctic. Some studies (e.g. Graversen et al. [2008], Hwang et al. [2011], Yoshimori et al.
[2017]) calculate the atmosphere heat transport directly from the moist static energy flux.
Other studies (e.g Hwang and Frierson [2010], Feldl et al. [2017]) calculate AHT from the
difference between top-of-the-atmosphere net radiative flux and surface fluxes, including
radiative, latent heat, and sensible heat fluxes. However, if there is an imbalance between
the incoming and outgoing solar radiation, the imbalance will accumulate. This will result
in a non-zero northward heat transport at the North Pole, which is physically impossible.
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Furthermore, the heat transport cannot be divided into the components from latent energy
and dry static energy. In this thesis, we calculate AHT directly from the velocity and moist
static energy. This provides the best possible estimate of the AHT.
Ocean heat transport (OHT) could also play a role in Arctic amplification. General
circulation models, including the Coupled Model Intercomparison Projects Phase 3 (CMIP3)
and Phase 5 (CMIP5) models, show an increase in ocean heat transport into the Arctic
under global warming scenarios [Hwang et al., 2011, Nummelin et al., 2017]. One proposed
mechanism for this is that in the sub-polar region, the atmosphere warms faster than the
ocean under global warming, so the ocean loses less heat to the atmosphere. This allows an
increase in OHT into the Arctic, driving an increase in the ocean heat content of the Arctic
Ocean [Nummelin et al., 2017]. However, models with larger increases in OHT tend to have
larger decreases in AHT, so the total change in heat transport is small [Held and Soden,
2006, Hwang et al., 2011].
Although there have been previous studies on how OHT is related to Arctic amplification,
the methods of calculating OHT have often not been ideal. For example, Hwang et al. [2011]
calculated the OHT implied from the surface heat fluxes, because not many models in the
CMIP3 archive provided a zonally integrated northward OHT directly calculated from the
ocean velocity and temperature. One problem with using the indirect method is that the
change in ocean heat content needs to be estimated. Most studies ignore the change in
ocean heat content, and thus practically assume the change is negligible. Singh et al. [2017]
included an ocean heat content storage term for the mixed layer, but ignored the deeper
ocean. However, on decadal or longer time scales, the change in the deeper ocean heat
content may be significant. If one assumes that changes in ocean heat content are negligible,
then the surface fluxes need to be in balance or there will be an accumulation of error at the
poles. If this is not the case, the surface fluxes might need to be adjusted in some way. On
the other hand, Nummelin et al. [2017] used the monthly mean zonally integrated northward
ocean heat transport from the CMIP5 models, which are directly calculated using the ocean
velocity and temperature. Similarly, Oldenburg et al. [2018] used the zonally integrated
northward OHT, calculated from ocean velocity and temperature data. As we will show in
this thesis, the trend in the zonally integrated northward OHT is very sensitive to the choice
of latitude. In this thesis, we calculate the OHT across the various straits that lead directly
into the Arctic. This provides a better representation of the amount of heat that actually
11
enters the Arctic.
Previous studies have often ignored the effect of the internal variability of the climate
system, and therefore may have obfuscated the signal of the external forcing. Generally,
there are three sources of uncertainty in the projections of future climate using climate
models: choice of emissions-scenario forcing, model-dependent response uncertainty, and
internal natural variability [Hawkins and Sutton, 2009, Deser et al., 2012]. The first can
be examined by using a variety of emission-scenarios. The second can be examined by us-
ing multiple models from independent research groups, such as the multi-model ensemble
approach of CMIP3 and CMIP5. The third can only be researched using many ensemble
members from the same climate model, so called a large ensemble approach. For the large
ensemble of a single model, each ensemble member is subject to the same external forcing
conditions but has different initial conditions. Then the differences in the ensemble members
is not due to the changes in external forcing or inter-model variability, but only the internal
variability of the model’s climate system. For example, September Arctic sea ice extent
(SIE) trends during 2020–2059 range from −2 × 106 to −5.7 × 106 km2 in a 39-member
ensemble of the Community Climate System Model, version 3 (CCSM3) [Wettstein and
Deser, 2014]. The large range in SIE trend can only be attributed to the interval variabil-
ity of the model’s climate. Different variables can exhibit different sensitivities to internal
variability. Screen et al. [2014] used large ensembles from the UK-Australian Unified Model
(UM) version 7.3 and the US National Center for Atmospheric Research (NCAR) Commu-
nity Atmosphere Model (CAM) version 3 to separate the forced response from atmospheric
internal variability in Arctic sea ice loss. They showed that the forced response of tempera-
ture and precipitation to the external forcing is significantly easier to detect than the forced
response of sea level pressure or geopotential height. The sea level pressure and geopotential
height have low signal-to-noise ratios, and the forced response is masked by the atmospheric
internal variability.
Overall, this thesis addresses several shortcomings with previous research. The first is
that it calculates the OHT directly from the temperature and velocity, at the straits that
lead directly to the Arctic. This ensures that the OHT calculation is as accurate as possible.
It also ensures that we are only considering the heat that actually enters the Arctic, and not
heat that is recirculated back southward. The second improvement is that we include data
from 40 ensemble members from one model. With only one ensemble member, it is impossible
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to disentangle the effects of external forcing from the effects of internal variability. In theory,
the differences caused by internal variability will cancel when many ensemble members are
averaged together. The ensemble mean then represents the model’s response to the external
forcing. Furthermore, the ensemble spread is used to accurately estimate the range of the
internal variability, thus the signal-to-noise ratio for the externally forced signal, and also
to clearly attribute the degree of Arctic amplification to the varying strength of the OHT
into the Arctic.
This thesis is organized as follows: Chapter 2 describes the models used in this study.
Chapter 3 defines Arctic amplification and investigates the spatial characteristics within the
models. Chapter 4 describes the atmosphere heat transport in the models, and explores the
relationship between AHT and Arctic amplification. Chapter 5 examines the ocean heat
transport into the Arctic, and examines the link between OHT and Arctic amplification.
Finally, Chapter 6 summarizes this thesis.
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Chapter 2
Models
The primary dataset used in this study is the Community Earth System Model version 1
(CESM1) Large Ensemble [Kay et al., 2015]. CESM1 consists of coupled atmosphere, ocean,
sea ice, and land components. For the atmosphere, the CESM1 Large Ensemble uses the
Community Atmosphere Model, version 5 (CAM5) with a finite volume dynamical core at
1 degree horizontal resolution. For the ocean, it uses the Parallel Ocean Program, version
2 (POP2) model, with a displaced grid with nominally 1 degree horizontal resolution. The
atmosphere and ocean have 30 and 60 vertical levels, respectively.
The first ensemble member was initialized from 1850 with constant pre-industrial ra-
diative forcing. The atmosphere, land, and sea ice processes were initialized from previous
CESM1 simulations. The ocean was initialized from a state of rest using modern observations
from the Polar Science Center Hydrographic Climatology (PHC2) potential temperature and
salinity data. This dataset merges the World Ocean Atlas [Antonov, 1998] with the regional
Arctic Ocean Atlas [Environmental Working Group (EWG), 1997]. This ensemble member
was run until it reached quasi-equilibrium with the pre-industrial forcing, and then run from
1850–2100. The model used historical forcing from 1850–2005, and representative concen-
tration pathway 8.5 (RCP8.5) forcing [Meinshausen et al., 2011, Lamarque et al., 2011] from
2005–2100.
The remaining ensemble members were initialized from the first ensemble member. A
temperature perturbation on the order of 10−14 K was added to the air temperature field
on January 1, 1920 for each member. Although the ensemble members start with nearly
identical temperatures, they diverge within a few weeks (Figure 2-1, black lines). Members
14
Figure 2-1: Globally averaged daily mean surface temperature for the CESM1 Large En-
semble. The black lines indicate the ensemble members that were initialized by adding a
temperature perturbation to ensemble member 1. The red lines indicate the models initial-
ized using compressed data.
31 and 33 were initialized with compressed data from ensemble member 1 [Baker et al.,
2014]. This increases the initial perturbation on the ensemble member, which resulted in
lower global temperature initially (Figure 2-1, red lines). After a few weeks, the results from
the compressed initial conditions fall within the natural variability of the uncompressed
initial conditions [Baker et al., 2014].
The ensemble members were then run from 1920–2100. All have the same historical forc-
ing for 1920–2005 and RCP8.5 forcing for 2005–2100. Each ensemble member exemplifies a
different state that the atmosphere could be in, given the external forcing and initial con-
dition. Because all ensemble members have the same initial ocean conditions, and because
the ocean has a much longer time scale compared to the atmosphere, the CESM1 Large
Ensemble does not show a sampling of significantly different ocean states until the 1940s.
Since the ensemble members have identical external forcing, the difference between the en-
15
semble members is only due to the internal variability, or “climate noise.” [Screen et al.,
2014]. With enough ensemble members, it is possible to separate the model’s response to
the external forcing from this climate noise.
Even though the focus of this research is on the forced response of the CESM1 model to
global warming, it is still important to look at the CESM1 Large Ensemble in the context
of other climate models. For this reason, we also use models from the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). The CMIP5 models include pre-industrial, historical,
and future simulations from various modeling groups [Taylor et al., 2012]. We compare the
results from the CESM1 Large Ensemble to those from CMIP5 when possible. Table 2.1 lists
the 35 CMIP5 models used in this study. These models all include simulations for historical
and RCP8.5 forcing. Models were only included if they had all of the variables used in this
study.
16
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Chapter 3
Arctic Amplification
We define Arctic amplification as the ratio between the area-weighted average warming north
of 66.5∘N and the area-weighted average global warming,
𝐴𝐴 =
∆𝑇𝑎𝑟𝑐𝑡𝑖𝑐
∆𝑇𝑔𝑙𝑜𝑏𝑎𝑙
(3.1)
where 𝑇 is the near-surface air temperature. For this analysis, we compare the average
temperature from 2001-2020 to the average temperature from 2081–2100.
All CESM1 Large Ensemble members show stronger warming in the Arctic than in
the global mean (Figure 3-1), which results in an Arctic amplification of 𝐴𝐴 = 2.54 ±
0.07 in the CESM1 Large Ensemble. Similarly, the CMIP5 models also show stronger
Arctic warming than global warming, with an Arctic amplification of 𝐴𝐴 = 2.34 ± 0.31.
As expected, the CMIP5 multi-model ensemble exhibits a larger spread than the CESM1
Large Ensemble members. This is because the spread in the CMIP5 ensemble includes
both the uncertainty due to model-dependent response and the uncertainty due to natural
variability in each model’s climate. Meanwhile, the spread in the CESM1 Large Ensemble
only demonstrates uncertainty due to natural variability. While the CESM1 Large Ensemble
Arctic amplification is well within the range of values of the CMIP5 models, the two mean
values are significantly different at 5% based on the pooled two-sample Student’s 𝑡-test. This
is caused by both the differences in the change in Arctic temperatures and the change in
global temperatures. Student’s 𝑡-test rejects the null hypothesis that the CESM1 ∆𝑇𝑎𝑟𝑐𝑡𝑖𝑐
and the CMIP5 ∆𝑇𝑎𝑟𝑐𝑡𝑖𝑐 are samples from Gaussian distributions with equal mean and equal
variance at the 5% level. Similarly, Student’s 𝑡-test rejects that the CESM1 ∆𝑇𝑔𝑙𝑜𝑏𝑎𝑙 and
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Figure 3-1: Scatter plot of the change in Arctic temperatures versus global temperatures
between 2001–2020 and 2081–2100 for the CESM1 Large Ensemble (blue) and CMIP5 (red).
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Figure 3-2: Scatter plot of the change in Arctic temperatures versus global temperatures
between 1980–1989 and 2005–2014 for the CESM1 Large Ensemble (blue), CMIP5 (red),
and reanalyses (black).
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the CMIP5 ∆𝑇𝑔𝑙𝑜𝑏𝑎𝑙 are samples from Gaussian distributions with equal mean and equal
variance at the 5% level.
We compared these results to that of five reanalysis datasets: NCEP/DOE AMIP-II
Reanalysis Model [Kanamitsu et al., 2002], NCEP-NCAR Reanalysis 1 [Kalnay et al., 1996],
NOAA-CIRES 20th Century Reanalysis (V2c) [Compo et al., 2011], ERA-Interim [Dee et al.,
2011], and the Japanese 55-year Reanalysis (JRA-55) [Kobayashi et al., 2015]. These re-
analyses provide global coverage of near-surface air temperature. For the reanalyses, we
analyze the change in temperature between the time periods 1980–1989 and 2005–2014. In
this shorter time span, we expect a greater influence of the internal climate variability in
decadal to multi-decadal time scales. All five reanalyses show that the Arctic warmed more
in this time period than the global average (Figure 3-2), with a mean Arctic amplification of
5.22, with a range from 4.39 to 6.42. During this time period, CESM1 Large Ensemble has a
mean Arctic amplification of 𝐴𝐴 = 2.86±0.79, and CMIP5 has a mean Arctic amplification
of 𝐴𝐴 = 2.68± 0.64.
In the CESM1 Large Ensemble, the ensemble mean temperature is increasing almost
uniformly throughout the Arctic (Figure 3-3a). The largest spread in the temperature
change is found over the Barents Sea (Figure 3-3b). There is also enhanced spread north of
the Bering Strait. The CMIP5 ensemble mean also shows a more or less uniform increase
in temperature throughout the Arctic (Figure 3-4a). However, the amplitude of the mean
change is smaller, which is consistent with the respective values of Arctic amplification.
CMIP5 exhibits greater spread in the temperature trends than CESM1 Large Ensemble
(Figure 3-4b), and the variability is no longer localized to Barents Sea. Instead, generally
everywhere in the Arctic, especially in the interior of the Arctic, has a large spread between
the models.
Spatial pattern of the sea ice change suggests the surface air temperature change in the
Arctic is closely related to the sea ice change. The overall region of the enhanced surface
temperature warming closely matches with the region delineated by the sea ice margin.
Although there is sea ice loss everywhere in the Arctic, there is enhanced sea ice loss in the
Barents Sea and in Chukchi-Beaufort Seas in the CESM1 Large Ensemble (Figure 3-5a).
The highest spread in sea ice loss among the ensemble members is near the sea ice margin
in Barents Sea (Figure 3-5b). In addition, an enhanced spread is also found near the ice
margin in the Chukchi Sea. These two regions of enhanced ensemble spread of sea ice loss
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Figure 3-3: Ensemble mean (a) and standard deviation (b) for change in surface air tem-
perature between 2001–2020 and 2081–2100 for the CESM1 Large Ensemble.
Figure 3-4: Ensemble mean (a) and standard deviation (b) for change in surface air tem-
perature between 2001–2020 and 2081–2100 for CMIP5.
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coincide with the regions of enhanced ensemble spread in the near-surface air temperature.
This relationship demonstrates the link between the Arctic amplification and the sea ice
loss. In CMIP5, the maximum sea ice loss is found in the same general regions, although
the sea ice loss is more uniform throughout the Arctic (Figure 3-6a). The ensemble spread
in CMIP5 is also much more uniform, although it is slightly enhanced in the Barents Sea
(Figure 3-6b), which is consistent with the near-surface air temperature change.
How do these models compare with observed sea ice trends? We calculated the change
in sea ice concentration between 1980–1989 and 2005–2014 in the Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) [Rayner et al., 2003] data set. The observations show
a reduction in sea ice concentration near the coast from Beaufort Sea to Barents Sea (Figure
3-7). The CESM1 Ensemble and the CMIP5 ensemble also show sea ice loss in the same
general region, although the amount lost is much smaller (5-10% versus 10-20%). CMIP5
and CESM1 Large Ensemble also exhibit sea ice loss off the east coast of Greenland, which
is not seen in observations.
How does the change in sea ice relate to Arctic amplification? We have already discussed
the relationship in terms of the ensemble mean trend. We further address this question by
examining the inter-ensemble correlations between the sea ice area and AA. We averaged
the sea ice area between 2001–2020 and 2081–2100, and calculated the difference between
these two values. There is a strong correlation between the loss of sea ice area and the
Arctic amplification in the ensemble members (𝜌 = −0.89, 𝑝-value < 0.01, Figure 3-8).
The ensemble members with the largest loss of sea ice are also the models with the largest
amplification. There is a clear relationship in the CESM1 Large Ensemble between the
Arctic amplification and sea ice loss. However, remote processes could also be influencing
the Arctic amplification. Do the atmosphere or ocean heat transports have a relation to the
Arctic amplification? Are the atmosphere or ocean heat transports somehow related to the
changes in sea ice? We explore this further in the next two chapters.
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Figure 3-5: Ensemble mean (a) and standard deviation (b) for change in sea ice concentration
between 2001–2020 and 2081–2100 for the CESM1 Large Ensemble.
Figure 3-6: Ensemble mean (a) and standard deviation (b) for change in sea ice concentration
between 2001–2020 and 2081–2100 for CMIP5.
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Figure 3-7: Change in sea ice concentration between 1980–1989 and 2005–2014 for (a)
HadISST, (b) CESM1 Large Ensemble ensemble mean, and (c) CMIP5 ensemble mean.
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Figure 3-8: Scatterplots of the Arctic amplification vs. the changes in Arctic sea ice area.
The correlation is significant to 𝑝 < 0.01.
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Chapter 4
Atmosphere Heat Transport
The vertically integrated atmospheric meridional energy flux (AHT) is commonly calculated
by integrating the divergence of the zonally averaged surface and top of atmosphere (TOA)
fluxes [Peixoto and Oort, 1992, Trenberth and Caron, 2001, Hwang and Frierson, 2010]:
[𝐹𝐴(𝜑, 𝑡)] =
∫︁ 𝜑
−𝜋/2
∫︁ 2𝜋
0
{︀
𝐹 𝑇𝑂𝐴(𝜑, 𝜆, 𝑡)− 𝐹 𝑆𝐹𝐶(𝜑, 𝜆, 𝑡)}︀ 𝑎2 cos𝜑 d𝜆 d𝜑 (4.1)
where 𝑎 is the radius of the Earth, 𝜑 is the latitude, and 𝜆 is the longitude. Here, [ ] repre-
sents zonal averaging. This equation assumes that the total atmospheric energy tendency is
negligible. This is a reasonable assumption given the small heat capacity of atmosphere, es-
pecially for the monthly or longer time scales. However, if there is an imbalance between the
incoming and outgoing solar radiation, it will accumulate at the North Pole. This results in
a non-zero northward heat transport at 90∘N, which is physically meaningless. For example,
the Earth Radiation Budget Experiment (ERBE) satellite measurements have an imbalance
of about 6 W/m2 for the period 1987–1989, which leads to a total heat transport of 3 PW at
the North Pole [Wunsch, 2005]. Wunsch [2005] adjusted this error by first assuming a prior
value for the total heat transport, 𝐹 (𝜑), and comparing this to the results of the transport
from the ERBE, 𝐹 (𝜑). They then used a Bayesian model to adjust each latitude band and
nudge the ERBE estimate toward the idealized prior. Trenberth and Caron [2001] found
that the ERBE data for the subperiod February 1985 to April 1989 had an imbalance of
only a few tenths of watts per meter squared, and did not adjust the ERBE budget. Fasullo
and Trenberth [2008] adjusted data from the Clouds and the Earth’s Radiant Energy Sys-
tem (CERES) measurements by increasing the outgoing longwave radiation by 1.5 W/m2
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uniformly, and adjusting the albedo rather than the absorbed solar radiation to bring the
overall TOA imbalance to an acceptable level of 0.5 PW. There is not an agreed upon “best
practice” for adjusting the budget.
The exact, but computationally more expensive, method to calculate AHT uses the
velocity, moist static energy (MSE), and kinetic energy [Fasullo and Trenberth, 2008, Farneti
and Vallis, 2013]:
[𝐹𝐴(𝜑, 𝑡)] =
1
𝑔
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
0
𝑎𝑣(𝑝, 𝜑, 𝜆, 𝑡)ℎ(𝑝, 𝜑, 𝜆, 𝑡) cos𝜑 d𝑝, (4.2)
where
ℎ(𝑝, 𝜑, 𝜆, 𝑡) = 𝑐𝑝𝑇 + Φ + 𝐿𝑞 + 𝑘. (4.3)
The fields 𝑣, 𝑇 , Φ, 𝑞, and 𝑘 represent wind, temperature, geopotential height, specific
humidity, and kinetic energy, respectively. The kinetic energy term is small [Vallis and
Farneti, 2009], and we ignore it for the rest of this analysis. The constants 𝑔 = 9.8 m/s2,
𝑐𝑝 = 1004.64 J/(kg K), 𝐿 = 2.501 × 106 J/kg, and 𝑎 = 6371 km, correspond to the
acceleration due to gravity, the specific heat of air at constant pressure, the latent heat of
vaporization, and the radius of the earth, respectively.
The direct method, Equation 4.2, has several advantages over the indirect method, Equa-
tion 4.1. The first is that it is more accurate in scenarios with varying external forcing. The
second is that with the direct method, we can divide the heat transport into components
from the dry static energy and latent energy. In the indirect method, we can only calculate
the total transport. For these reasons, the direct method is preferable for this study.
Unfortunately, there are two problems with using this direct method with the CESM1
Large Ensemble. The first problem is that the CESM1 Large Ensemble does not provide
output for the geopotential flux term, 𝑣𝑧. This flux term is necessary to calculate the flux
of dry static energy (DSE):
𝑣𝐷𝑆𝐸 = 𝑐𝑝𝑣𝑇 + 𝑔𝑣𝑧 (4.4)
Instead, we approximate the DSE using potential temperature [Yang et al., 2015]:
𝐷𝑆𝐸 = 𝑐𝑝𝑇 + 𝑔𝑧 ≈ 𝑐𝑝𝜃. (4.5)
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We calculate the potential temperature as
𝜃 = 𝑇
(︂
𝑝0
𝑝
)︂𝜅
, (4.6)
where 𝑝0 is the surface pressure, 𝑝 is the pressure, and 𝜅 = 2/7. Then, the approximate flux
due to DSE is:
𝑣𝐷𝑆𝐸 ≈ 𝑐𝑝𝑣𝜃 ≈ 𝑐𝑝𝑣𝑇
(︂
𝑝0
𝑝
)︂𝜅
. (4.7)
The second problem is that the CESM1 Large Ensemble does not store 6-hourly or daily
output of the needed 3-dimensional variables (velocity, temperature, humidity, etc.) for
all levels of the atmosphere. There are only monthly outputs for these variables and the
monthly mean temperature and moisture fluxes (𝑣𝑇 and 𝑣𝑞). However, the monthly mean
velocity has a spurious mass transport, which can be calculated as [Yang et al., 2015]:
𝑣+ =
∫︀ 2𝜋
0 d𝜆
∫︀ 𝑝𝑠
𝑝𝑡
𝑎𝑣 cos𝜑/𝑔 d𝑝∫︀ 2𝜋
0 d𝜆
∫︀ 𝑝𝑠
𝑝𝑡
𝑎 cos𝜑/𝑔 d𝑝
, (4.8)
where 𝑣 is the original velocity field, 𝑣+ is the zonally and vertically averaged spurious
velocity field, and ( ) represents monthly averaging. Then, the corrected velocity is defined
as
𝑣* = 𝑣 − 𝑣+. (4.9)
We also need to correct the monthly mean meridional heat transport, 𝑣𝑇 , and the monthly
mean meridional moisture transport, 𝑣𝑞:
𝑣𝑞* = 𝑣𝑞 − 𝑣+
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑞𝑎 cos𝜑/𝑔 d𝑝 (4.10)
𝑣𝑇 * = 𝑣𝑇 − 𝑣+
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑇𝑎 cos𝜑/𝑔 d𝑝 (4.11)
Note that 𝑣𝑇 and 𝑣𝑞 are calculated at each model time step during the model integration
and the monthly mean 𝑣𝑇 and 𝑣𝑞 are saved as output variables by CESM1 Large Ensemble.
By applying Equation 4.6, we can calculate the monthly mean meridional dry static energy
transport
𝑣𝜃* = 𝑣𝑇 *
(︂
𝑝0
𝑝
)︂𝜅
(4.12)
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The total atmosphere heat transport by the moist static energy is given by
𝐴𝐻𝑇
𝑡𝑜𝑡𝑎𝑙
𝑀𝑆𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
(︀
𝑐𝑝𝑣𝜃* + 𝐿𝑣𝑞*
)︀
𝑎 cos𝜑/𝑔 d𝑝. (4.13)
This can be decomposed into the contributions from dry static energy,
𝐴𝐻𝑇
𝑡𝑜𝑡𝑎𝑙
𝐷𝑆𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑐𝑝𝑣𝜃*𝑎 cos𝜑/𝑔 d𝑝 (4.14)
and the latent energy,
𝐴𝐻𝑇
𝑡𝑜𝑡𝑎𝑙
𝐿𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝐿𝑣𝑞*𝑎 cos𝜑/𝑔 d𝑝 (4.15)
This can be further decomposed into the mean and submonthly transient eddy components:
𝐴𝐻𝑇
𝑚𝑒𝑎𝑛
𝐷𝑆𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑐𝑝𝜃 · 𝑣*𝑎 cos𝜑/𝑔 d𝑝 (4.16)
𝐴𝐻𝑇
𝑚𝑒𝑎𝑛
𝐿𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝐿𝑞 · 𝑣*𝑎 cos𝜑/𝑔 d𝑝 (4.17)
𝐴𝐻𝑇
𝑒𝑑𝑑𝑦
𝐷𝑆𝐸 = 𝐴𝐻𝑇
𝑡𝑜𝑡𝑎𝑙
𝐷𝑆𝐸 −𝐴𝐻𝑇 𝑚𝑒𝑎𝑛𝐷𝑆𝐸 (4.18)
𝐴𝐻𝑇
𝑒𝑑𝑑𝑦
𝐿𝐸 = 𝐴𝐻𝑇
𝑡𝑜𝑡𝑎𝑙
𝐿𝐸 −𝐴𝐻𝑇 𝑚𝑒𝑎𝑛𝐿𝐸 (4.19)
We verified the accuracy of this method using output from a CESM1 historical model
run from 2000–2009. We had daily output for this simulation at all levels in the atmosphere.
We use the daily output to calculate AHT in two ways: through the accurate equation for
moist static energy by explicitly calculating the geopotential flux term:
𝐴𝐻𝑇 𝑑𝑎𝑖𝑙𝑦𝑀𝑆𝐸 =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑣 (𝑐𝑝𝑇 + Φ + 𝐿𝑞) 𝑎 cos𝜑/𝑔 d𝑝, (4.20)
and through the approximation for moist static energy using the potential temperature:
𝐴𝐻𝑇 𝑑𝑎𝑖𝑙𝑦𝜃 𝑎𝑝𝑝𝑟𝑜𝑥. =
∫︁ 2𝜋
0
d𝜆
∫︁ 𝑝𝑠
𝑝𝑡
𝑣 (𝑐𝑝𝜃 + 𝐿𝑞) 𝑎 cos𝜑/𝑔 d𝑝. (4.21)
We also use monthly output, calculated from this daily output, to calculate the AHT using
the potential temperature approximation, as given in Equation 4.13.
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Figure 4-1: The mean atmosphere heat transport calculated from the MSE daily method
(green, Eq. 4.20), the daily potential temperature approximation (orange, Eq. 4.21), and
the monthly potential temperature approximation (purple, Eq. 4.13) for a CESM1 historical
simulation from 2000–2009.
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Figure 4-2: The atmosphere heat transport calculated from the MSE daily method (green,
Eq. 4.20), the daily potential temperature approximation (orange, Eq. 4.21), and the
monthly potential temperature approximation (purple, Eq. 4.13) for a CESM1 historical
simulation.
The 10-year mean AHT from daily potential temperature (Figure 4-1, orange) tends
to have a larger amplitude than the AHT from daily MSE (Figure 4-1, green). The AHT
from monthly potential temperature (Figure 4-1, purple) are very similar to the results from
the daily potential temperature, although the amplitude is higher for the monthly values in
the midlatitudes. However, near 66∘N, the two approximations are nearly identical (Figure
4-2), with a mean value of 2.70 ± 0.97 PW and 2.64 ± 0.94 PW for the daily and monthly
approximations of AHT, respectively. The mean of the AHT from daily MSE at 66∘N is
lower, at 2.03± 0.50 PW. Although the approximation using potential temperature slightly
overestimates the AHT entering the Arctic, it is the most accurate method available for the
CESM1 Large Ensemble with only the monthly mean outputs available.
In the CESM1 Large Ensemble, the total AHT into the Arctic, as defined by the heat
transport at 66.5∘N, decreases by 0.05 ± 0.03 PW during 1950–2100 (Figure 4-3). This
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corresponds to an ensemble mean trend of −3.1 × 10−4 PW/year. To determine if this
trend is significant, we used the one-sample Student’s 𝑡-test for the trends from the 40
ensemble members. The 𝑡-test determines if the mean is statistically different from zero.
In this case, the trend is significantly different from zero at 5% significance level. The
individual components of the AHT also change over this time period. The AHT from the
latent energy increases from 0.379± 0.004 PW to 0.477± 0.006 PW during 1950 – 2100, or
7.4×10−4 PW/year (significant at 5%), while the transport from dry static energy decreases
from 1.997± 0.006 PW to 1.852± 0.028 PW during 1950–2100, or −10.4× 10−4 PW/year
(significant at 5%). This is generally consistent with results from Hwang and Frierson [2010]
and Hwang et al. [2011] using the CMIP3 multi-model ensemble. As the planet warms,
the amount of water vapor the atmosphere can hold increases (e.g. Held and Soden [2006]).
More water vapor leads to an increase in latent energy transport, which warms up the Arctic.
Furthermore, the Arctic warms up faster than the lower latitude due to various processes and
feedback as discussed in the Introduction. This decreases the equator-to-pole temperature
gradient, which in turn reduces the poleward heat transport by dry static energy.
The atmosphere heat transport can be divided into monthly mean and submonthly
transient eddy terms for the dry static energy and latent energy components (Figure 4-4).
The overall decrease in the DSE heat transport is mostly due to the decrease in the eddy
term (−8.2× 10−4 PW/year, significant at 5%). The mean DSE heat transport has a much
smaller decrease (−2.2× 10−4 PW/year, significant at 5%). For the latent energy, most of
the increase is due to the eddy term (5.1×10−4 PW/year, significant at 5%), although there
is also an increase in the mean term (2.2× 10−4 PW/year, significant at 5%).
How does atmosphere heat transport relate to Arctic amplification? We have already
discussed the relationship in terms of the ensemble mean trend. We further address this
question by examining the inter-ensemble correlations between the AHT (and its compo-
nents) and AA. We averaged the heat transport between 2001–2020 and 2081–2100, and
calculated the difference between these two values. We computed this value for the total
AHT, the DSE and LE components, and the mean and eddy DSE and LE components (Fig-
ure 4-5). None of these combinations had a significant (𝑝 < 0.01) correlation to the Arctic
amplification. The ensemble members with a larger increase in AHT are not the models
with the largest amplification. Therefore, the strength of AHT into the Arctic does not
significantly influence the amplitude of Arctic amplification.
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Figure 4-3: The northward atmosphere heat transport at 66.5∘N in the CESM1 Large
Ensemble. The solid line represents the ensemble mean and the shading represents the
standard deviation of the ensemble. This shows the total atmosphere heat transport (black,
Eq. 4.13), as well as its components, the transport by dry static energy (blue, Eq. 4.14)
and latent energy (green, Eq. 4.15).
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Figure 4-4: The atmosphere heat transport at 66.5∘N in the CESM1 Large Ensemble. The
solid line represents the ensemble mean and the shading represents the standard deviation
of the ensemble. This shows the total atmosphere heat transport (black, Eq. 4.13), as well
as its components, the transport by mean dry static energy (light blue, Eq. 4.16), eddy dry
static energy (dark blue, Eq. 4.18), mean latent energy (light green, Eq. 4.17), eddy latent
energy (dark green, Eq. 4.19).
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Figure 4-5: Scatterplots of the Arctic amplification vs. the changes in various components
of AHT. None of the correlations are significant to 𝑝 < 0.01.
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Chapter 5
Ocean Heat Transport
The CESM1 Large Ensemble includes model output for the monthly mean zonally averaged
direct ocean heat transport. Previous studies that have studied the effect of ocean heat
transport on Arctic amplification have often used this output as the ocean heat transport.
These studies typically define the heat moving into the Arctic as the direct zonal mean OHT
from the model at 60∘N (e.g. Mahlstein and Knutti [2011]), 66–67∘N (e.g. Screen et al.
[2012], Sun et al. [2015]), or 70∘N (e.g. Koenigk and Brodeau [2014], Kay et al. [2012]).
This is a somewhat arbitrary decision because it ignores the physical pathways of water into
the Arctic. For example, many pick 65∘N because it is the latitude of the Bering Strait. In
the Atlantic, this latitude circle includes heat transport through the Nordic Sea that may
recirculate back southward and never enter the Arctic Ocean. The results from the models’
direct ocean heat transport heavily depend on which latitude circle is chosen (Figure 5-1).
At 65∘N, the mean OHT from 1950–2100 is 0.264±0.002 PW, with the OHT decreasing over
time (−2.3 × 10−4 PW/year, significant at 5%). Contrastingly, the mean OHT at 70∘N is
only 0.178±0.002 PW, and the trend is increasing over time (1.3×10−4 PW/year, significant
at 5%). The initial choice of latitude can have a large effect on the results. Another issue
with using the direct ocean heat transport is that the ocean grid is not parallel to latitude
circles. The grid is nearly parallel at low latitudes, but becomes significantly distorted at
high latitudes, which can introduce numerical errors into the calculation of the zonal mean.
Instead of picking an arbitrary latitude circle, we define ocean heat transport based on
these physical pathways into the Arctic Ocean (Figure 5-2). These sections create a closed
domain in the Arctic, which allows for volume budget calculations. Besides being more
39
Figure 5-1: The ensemble mean (thick solid line) plus/minus one standard deviation (shad-
ing) for the total ocean heat transport (blue), the Atlantic ocean heat transport (green),
and the Pacific ocean heat transport (red).
accurate, this method also allows us to look at the changes in ocean heat transport across
these five sections individually, instead of only the change in total heat transport. This
will help us better understand the relationship between ocean heat transport and Arctic
amplification by directly relating each OHT component with the corresponding regional sea
ice change. It is also easier to compare to observations.
For each ensemble members, the heat and volume transport are calculated using the
Physical Analysis of the Gridded Ocean (PAGO) suite of programs, introduced by Deshayes
et al. [2014]. It calculates heat and volume transports using monthly velocity and tempera-
ture fields across predefined sections. These monthly transports are then averaged over the
year, from January to December.
In the CESM1 Large Ensemble, the ensemble mean of the total volume transport into
the Arctic does not change very much between 1950 and 2100 (Figure 5-3). There is a trend
of −1.7× 10−6 Sv/year (not significant at 5%), which corresponds to an overall decrease of
−0.0004 ± 0.0020 Sv between 1950–2100. There is a slight decrease in northward volume
transport in the Bering Strait (-9.1 ×10−4 Sv/year, significant at 5%) and Nares Strait (-4.6
×10−4 Sv/year, significant at 5%), but this is largely compensated by a slight increase in
northward transport in the Barrow Strait (13.2 ×10−4 Sv/year, significant at 5%). The
volume transport across Barents Sea Opening and Fram Strait remain nearly steady, and
the trends are not significantly different from zero.
40
Figure 5-2: Definitions of Arctic sections. They are overlaid on the CESM1 model grid. The
65th parallel north and 70th parallel north are shown in black.
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Volume Transport (Sv) CESM1 Large Ensemble CCSM4 Observation-Based
Inverse Model
Barents Sea 2.37 2.3 2.3± 1.2
Barrow Strait −0.21 −0.3
Bering Strait 0.87 1.1 0.7± 0.7
Fram Strait −1.68 −1.8 −1.1± 1.2
Nares Strait −1.35 −1.5
Davis Strait −2.1± 0.7
Net Transport −1.3× 10−4 −0.2 −0.2± 0.08
Table 5.1: Climatological Arctic volume fluxes. The CESM1 Large Ensemble values are
calculated as the average of the 1950–2100 value of the 40 ensemble members. The CCSM4
values are calculated as average of the 1981–2005 from six CCSM4 ensemble members [Jahn
et al., 2012]. The observations are the annual average transports between September 2005–
August 2006 [Tsubouchi et al., 2018]. All units are in Sv.
The volume transports in the CESM1 Large Ensemble generally agree with an ensemble
from CCSM4 [Jahn et al., 2012] (Table 5.1). The largest discrepancy is in the Bering Strait,
where the CESM1 Large Ensemble has 0.866 ± 0.008 Sv transport, but the CCSM4 has
a transport of 1.1 Sv. CESM1 Large Ensemble overestimates the strength of the volume
transport in Barents Sea Opening, Bering Strait, and Fram Strait, compared to observations
from Tsubouchi et al. [2018], although the difference could be due to the fact that the
observation is only one year long. CESM1 Large Ensemble underestimates the strength
of the southbound transport through the Canadian Arctic Archipelago, with a combined
−1.56± 0.02 Sv through the Nares and Barrow Straits, compared to −2.1 Sv through Davis
Strait in the observations.
Between 1950 and 2100, the ensemble mean heat transport into the Arctic greatly in-
creases (Figure 5-4). The total OHT doubles, increasing from 0.048± 0.004 PW from 1950–
1959 to 0.095 ± 0.005 PW from 2091 – 2100. Most of this increase is due to the increase
across the Barents Sea Opening, which increases from 0.027 ± 0.004 PW to 0.059 ± 0.004
PW in that time. The OHT across Fram Strait is relatively steady between 1950 and 2000
(7.0×10−6 PW/year, not significant at 5%), then increases between 2000 and 2075 (2.0×10−4
PW/year, significant at 5%), and then decreases until 2100 (−3.1 × 10−4 PW/year, signif-
icant at 5%). Overall, this leads to an increase of 0.010 ± 0.004 PW during 1950–2100.
The transport across Bering Strait is relatively steady from 1950 through 2000 (3.0× 10−6
PW/year, not significant at 5%) and then increases until 2100 (1.2 × 10−4 PW/year, sig-
nificant at 5%). This leads to an overall increase of 0.011 ± 0.001 PW during 1950–2100.
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Figure 5-3: Volume transport in the CESM1 Large Ensemble. The thick line represents the
ensemble mean and the shading represents one standard deviation.
Nares Strait decreases slightly during 1950–2050 (−1.4× 10−6 PW/year, significant at 5%),
and then decreases (−8.3 × 10−5 PW/year, significant at 5%). This leads to a decrease
by −0.0037 ± 0.0003 PW during 1950–2100. The OHT through Barrow Strait is relatively
steady until 2000 (−4.1 × 10−7 PW/year, not significant at 5%) and then decreases until
2100 (−1.5×10−5 PW/year, significant at 5%), which lead to a decrease of −0.0016±0.0001
PW during 1950–2100.
If the OHT is related to Arctic amplification, we reason that it is because there is an
increase in heat being brought into the Arctic. Therefore we want to compare the Arctic
amplification of each ensemble member with the change in OHT during this period. For each
ensemble, we calculated the average OHT across each sections for the time periods 2001–2020
and 2081–2100. We then calculated the difference between the values, ∆𝑂𝐻𝑇 , for the five
Arctic sections and the sum of the five sections. The change in total heat transport is strongly
correlated with the Arctic amplification in the ensemble members (𝜌 = 0.56, 𝑝 < 0.01, Figure
5-5, black). The Barents Sea Opening has the largest increase in OHT, and consequently
has the strongest correlation to Arctic amplification (𝜌 = 0.50, 𝑝 < 0.01, Figure 5-5, red).
Why is the ocean heat transport across the Barents Sea opening related to the Arctic
amplification in the CESM1 Large Ensemble? As shown in Chapter 3, there is sea ice loss
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Figure 5-4: Heat transport in the CESM1 Large Ensemble. The thick line represents the
ensemble mean and the shading represents one standard deviation.
throughout the Arctic in the CESM1 Large Ensemble. However, it is not spatially uniform.
Barents Sea is the region with the highest amount of sea ice loss (Figure 3-5). Barents Sea is
also the area with the highest ensemble spread of sea ice loss and the surface air temperature
warming.
To investigate this further, we defined a time series for the Barents Sea ice as simply
the sum total area of sea ice in the northern hemisphere between 20∘E and 110∘E (Figure
5-6, blue). This segment has a mean sea ice area of (2.11 ± 0.08) × 106 km2 from 1950 –
1959, which decreases to (0.56 ± 0.06) × 106 km2 from 2091– 2100. The amount of OHT
across Barents Sea Opening increases from 27.2±3.7 TW to 59.1±4.0 TW during the same
time period (Figure 5-6, red). For each ensemble member, we calculated the correlation
between the time series for the Barents Sea ice area and the Barents Sea Opening ocean
heat transport. All ensemble members showed a very strong correlation, with a correlation
coefficient is at least−0.75 for all ensembles, and all 𝑝-values are less than 0.01. This suggests
that the increase of heat across Barents Sea Opening is melting the sea ice in the Barents
Sea. When the sea ice melts, this drastically changes the local albedo. Now, more incoming
radiation is being absorbed by the ocean instead of being directed back into space (Figure
5-7a, orange). When sea ice melts, it also exposes the ocean to the atmosphere above it.
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Figure 5-5: Scatterplots of the Arctic amplification vs. the changes in total OHT (black)
and Barents Sea Opening OHT (red). Both correlations are significant to 𝑝 < 0.01.
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Figure 5-6: Time series of the ocean heat transport across the Barents Sea Opening (red),
and time series of the total sea ice area in the Barents-Kara Sea (blue). The thick line
represents the ensemble mean and the shading represents one standard deviation.
This allows the ocean to export more heat to the atmosphere (Figure 5-7a, purple), which
could also increase surface temperatures. It also increases downward longwave radiation
(Figure 5-7b, green), due to cloud feedback.
We calculated the change in sea ice concentration between 2001–2020 and 2081–2100.
There was a strong correlation (𝜌 = −0.81, 𝑝-value < 0.01) between an increase in OHT
across the Barents Sea Opening and a decrease in sea ice in the Barents-Kara Sea. The
ensemble members with higher increases in Barents Sea OHT melt more sea ice. Those
members then have an increase in absorbed shortwave radiation (Figure 5-8a, orange), tur-
bulent heat flux (Figure 5-8a, purple), and downward longwave heat flux (Figure 5-8b, green)
which leads to higher warming in the Arctic.
A similar mechanism is happening near the Bering Strait. We define the Beaufort-
Chukchi Sea ice time series as the total area of sea ice in the northern hemisphere between
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160∘E and 130∘W. The CESM1 Large Ensemble ensemble mean sea ice area decreased from
(3.12±0.07)×106 km2 from 1950 – 1959, to (1.09±0.07)×106 km2 2091– 2100 (Figure 5-9,
blue), while the OHT through Bering Strait increased from 0.9±0.4 TW to 12.0±1.3 TW in
that time span (Figure 5-9, red). For each ensemble member, we calculated the correlation
between the time series for the Beaufort-Chukchi Sea Ice Area and the Bering Strait ocean
heat transport. All ensemble members showed a very strong correlation, with a correlation
coefficient is at least −0.89, and 𝑝-values less than 0.01. We also calculated the change in
sea ice concentration between 2001–2020 and 2081–2100. There was a strong correlation
(𝜌 = −0.66, 𝑝-value < 0.01) between an increase in OHT across the Bering Strait and a
decrease in sea ice in the Beaufort-Chukchi Sea across the CESM1 Large Ensemble. The
CESM1 Large Ensemble members that happened to have a larger increase in ocean heat
transport were the models with highest Arctic amplification. We suggest that this is because
the ocean heat transport is melting the sea ice margin. This creates a positive feedback loop,
where the net surface shortwave heat flux, net turbulent heat flux, and downward surface
longwave heat flux are increasing, which increases surface temperatures.
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Figure 5-7: Time series of the area-weighted mean (a) net surface shortwave heat flux
(orange), and net surface turbulent heat flux (purple), and (b) downward surface longwave
heat flux (green), for the area north of 66.5∘N. The thick line represents the ensemble mean
and the shading represents one standard deviation.
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Figure 5-8: Scatterplots of the (a) Arctic amplification vs. net surface shortwave heat flux
(orange), and net surface turbulent heat flux (purple), and (b) Arctic amplification vs. the
changes in downward surface longwave heat flux (green). All correlations are significant to
𝑝 < 0.01.
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Figure 5-9: Time series of the ocean heat transport across the Bering Strait (red), and time
series of the total sea ice area in the Beaufort-Chukchi Sea (blue). The thick line represents
the ensemble mean and the shading represents one standard deviation.
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Chapter 6
Conclusions
The Arctic air temperature has warmed nearly twice as much as the global mean in the
previous decades. This thesis used a novel approach to investigate how ocean heat transport
affects Arctic amplification. Instead of using the zonally averaged ocean heat transport near
the Arctic circle, we used the ocean heat transport across the various sections that enclose
the Arctic Ocean. This takes into account the physical boundaries of the Arctic. Also,
instead of only looking at one ensemble member from one model, we looked at 40 ensemble
members from one model. This allows us to cleanly isolate the effect of climate change from
that of internal variability of the model’s climate system without contamination from model-
to-model difference, which is a major limitation of the multi-model ensemble. Furthermore,
we used the inter-ensemble spread due to the internal variability for better attribution
which is often obscured by a strong trend. We found that the ensemble members that
happened to have a larger increase in ocean heat transport across the Barents Sea Opening
were the models with highest Arctic amplification. We suggest that this is because the
ocean heat transport is melting the sea ice margin. This creates a positive feedback loop
from several mechanisms. The surface albedo lowers, and therefore the absorbed shortwave
radiation increases. More of the Arctic Ocean is exposed to the atmosphere, which increases
the amount of turbulent heat flux transferred from the ocean to the atmosphere. Finally,
cloud coverage changes, which increased the downward longwave radiation at the surface.
Although the ensemble members have changes in the atmosphere heat transport that are on
the same order as the ocean heat transport, they do not correlate with Arctic amplification.
This suggests that increasing the atmospheric heat transport from the midlatitudes does not
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lead to Arctic amplification by itself. Instead, the feedback between the sea ice melt and
ocean heat transport is necessary to explain the spread in Arctic amplification.
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